elevated mammographic density is one of the strongest risk factors for non-familial breast cancer (1) . mammographic density (referred to herein as "density") reflects the tissue composition of the breast as projected on a two-dimensional mammographic image: higher relative adipose content corresponds to lower measured density because adipose tissue is radiolucent. Conversely, breasts composed of a higher proportion of fibroglandular tissue have higher measured density. high density is related to breast cancer risk factors, such as nulliparity, a positive family history of breast cancer, and menopausal hormone therapy use; yet studies consistently demonstrate that, compared with low density, high density confers relative risks (rrs) of four-to fivefold for breast cancer, independent of these and other factors [reviewed in (1) ]. Although high density may contribute to delayed detection because of radiologic masking of tumors by dense tissue, reduced mammographic sensitivity alone does not explain the increased breast cancer risk associated with high density (2) . In fact, the association between density and risk persists over extended periods and with repeated screening [reviewed in (3) ].
Compared with breast cancers associated with low density, cancers arising in dense breasts often demonstrate adverse prognostic features, including larger size, higher histological grade, positive lymph nodes, lymphatic or vascular invasion, and advanced stage (4) (5) (6) (7) (8) (9) (10) . Neither the reasons underlying the association of high density with increased breast cancer risk nor those accounting for its associations with more aggressive tumor characteristics are completely understood. microscopic regions of fibroglandular tissue correspond to radiologically dense areas [reviewed in (11) ]. however, several studies (12) (13) (14) (15) have reported that the absolute amount of radiologically dense area is less predictive of risk than the proportion of the breast composed of dense tissue, suggesting that both dense and nondense radiological components may contribute to the risk associated with mammographic density.
Although data have consistently demonstrated that high density increases risk of breast cancer, it is unclear whether breast cancer patients with high density are at increased risk of death from breast cancer compared with those with low density, after adjusting for other patient and tumor characteristics. one report did not find a statistically significant difference in breast cancer-specific survival by BI-rADS density (16) , whereas another identified a reduction in breast cancer deaths among women with radiologically "mixed/ dense" breasts as compared with those with fatty breasts (17) . Similarly, it is unclear whether breast cancer patients with higher density have an overall increased risk of death (17) (18) (19) (20) . Given the hypothesis that high mammographic density reflects cumulative exposure to elevated levels of circulating growth factors (11) , high mammographic density may also represent a risk factor for promotion of other types of cancers as well as nonneoplastic diseases. In two studies (18, 19) , density was not linked to risk of death; in a third study (17) , high density was associated with a decreased risk of death, and in a fourth study (20) nested within a Swedish mammography screening trial, high density was related to an increased risk of death of borderline statistical significance. Specifically, the Swedish analysis (20) , which was the only one to incorporate adjustments for confounding factors and treatment, found that higher density was related to a relative risk of death of 1.75 (95% confidence interval (CI) = 0.99 to 3.10), after adjusting for age, tumor size, nodal status, grade, and body mass index (BmI). Given that these individual studies included fewer than 1000 breast cancer cases, used different methods to visually assess breast density, and yielded conflicting results, additional analyses are warranted to assess the relationships between density and risk of death due to breast cancer and to all causes. Accordingly, we undertook an analysis within the uS Breast Cancer Surveillance Consortium (BCSC), a population-based registry of breast imaging facilities, to assess the primary hypothesis that elevated breast density is associated with increased risk of breast cancer death among women diagnosed with invasive breast carcinoma, after accounting for other patient and tumor characteristics. As a secondary aim, motivated by prior inconsistent reports, we assessed relationships between density and death from any cause. the BCSC offers several advantages for studying these associations relative to other studies, including the prospective follow-up of a large number of breast cancer patients with detailed information regarding potential confounding factors, including BmI, as well as on screening history, tumor characteristics, and treatment.
Methods

Study Population
the National Cancer Institute-sponsored BCSC was established in 1994 and consists of seven uS mammography registries supported by a central statistical coordinating center (SCC), as described elsewhere (21) . We restricted our analysis to five BCSC registries that consistently collect data on BmI, which is an adverse prognostic factor for breast cancer (22) that is inversely related to density (11) and, therefore, could potentially confound associations between density and breast cancer death. thus, our analysis is based on data from the Group health Cooperative in Washington State, the New hampshire mammography Network, the New mexico mammography Project, the San Francisco mammography registry, and the Vermont Breast Cancer Surveillance System. each BCSC registry and the SCC have received Institutional review Board approval for either active or passive consenting processes or a waiver of consent to enroll participants, link data, and perform analytical studies. All procedures are health Insurance Portability and Accountability Act compliant and all registries and the SCC have received a Federal Certificate of Confidentiality for the protection of the identities of women, physicians, and facilities involved with this research.
We restricted this analysis to women aged 30 years and older at the time of their diagnosis with primary incident invasive breast carcinoma. to capture Breast Imaging reporting and Data System (BI-rADS) breast density assessment from a mammography exam conducted before diagnosis (see details in "exposure Assessment" below) and to allow for at least three additional years of follow-up for vital status data across registries, we included women diagnosed with cancer between January 1, 1996 and December 31, 2005, with the exception of one registry whose radiology data was complete through August 31, 2005 . of the 26 571 case patients meeting our inclusion criteria, we excluded 5584 who lacked an "index mammogram" (see definition below) and 8382 without BI-rADS density data. We also excluded 281 women with missing American Joint Committee on Cancer (AJCC) stage and one woman with an unqualified AJCC stage of II, because we were unable to distinguish between stage IIA and IIB. We also excluded 2921 women with missing information on BmI and 170 underweight (BmI <18.5 kg/m 2 ) women, resulting in a final analytic cohort of 9232 women with breast cancer. the BI-rADS density distribution was similar among women with missing BmI compared to those who were included in analyses (data not shown).
Exposure Assessment
Breast density was collected according to the American College of radiology BI-rADS, a standardized visual assessment metric that is routinely reported by radiologists in the united States. the four BI-rADS breast density categories include: 1) almost entirely fat; 2) scattered fibroglandular densities (referred to in results as "scattered"); 3) heterogeneously dense ("heterogeneous"); and 4) extremely dense (23) . According to BI-rADS, the higher (ie, denser) category should be recorded if density differs between the left and right breasts. We identified an "index mammogram" and used the BI-rADS density score from this exam for analyses. to select the index mammogram, we applied a hierarchical algorithm, first identifying an exam with routine bilateral mammographic views obtained within 5 years before breast cancer diagnosis and selecting the exam that occurred closest in time but before the diagnosis date (89% of case subjects). If an exam with routine bilateral views was not available, then we used the BI-rADS density measurement from the most recent diagnostic exam (10% of case patients). If a prediagnostic mammogram was not available, then we selected the BI-rADS density measurement from the earliest mammographic exam occurring within 30 days after diagnosis (1% of case patients). We used the BI-rADS density and the indication for the index mammogram that was recorded by the radiologist who evaluated the mammogram at the mammography facility.
the BCSC registries collect a standard set of core variables through questionnaires given to women at the time of mammography, including race, ethnicity, ZIP code, height, weight, reproductive history, and exogenous hormone use. height and weight were used to calculate BmI (kg/m 2 ) at the time of the index mammogram. We defined the annual median income as the average for each woman's ZIP code area of residence, based on census information.
We ascertained breast cancer pathology data through the Surveillance, epidemiology, and end results (Seer) program and linkage to state cancer registries and/or pathology databases, which included data on tumor characteristics, such as AJCC's Collaborative Stage (5th edition). We collected treatment data from Seer and state cancer registry linkages. the mode of cancer detection was determined by examining mammograms within 365 days before diagnosis and applying the following hierarchy: screen-detected, interval-detected, other screen-detected, clinically detected, or other means of detection. Cancers were considered screen-detected if the diagnosis was preceded by a positive screening mammogram within 12 months and as interval-detected if preceded by a prior negative screening mammogram within 12 months. We used the BCSC definition of a screening mammogram, which requires a recorded designation of screening with routine bilateral views and no record of a mammogram in the prior 9 months, prior cancer diagnosis, or breast implants. A screening mammogram was considered positive if there was a BI-rADS assessment code (23) of 0, 4, 5, or 3 with a recommendation for immediate follow-up. A negative screening mammogram included BI-rADS assessment codes of 1, 2, and 3 with a recommendation for normal or short-interval follow-up. the mode of detection was "other screen" if there was a prior screening mammogram based on the indication for exam but not meeting the BCSC screening definition. A clinically detected cancer had a prior mammogram with an indication for evaluation of a breast problem. mode of detection was preferentially determined using mammograms within 365 days before cancer diagnosis; otherwise, we used data from mammograms performed within 30 days following diagnosis. If these data were lacking, we coded the mode of detection as "other."
Vital Status
Follow-up information included vital status (alive or dead), follow-up date, and cause of death (if applicable) obtained from cancer registries and state vital records. For three registries, state death information was complete through 2008, and for two through 2009. Cancer registry data were used preferentially when available. Women were presumed to be alive at the date through which the state vital records were complete if they were not identified as deceased in the cancer registry data or state vital records. the SCC performed detailed data quality checks to test for inconsistencies in death dates between cancer registry and state death data sources, and no gross inconsistencies were found.
Statistical Analysis
We examined the distribution of patient and clinical characteristics by BI-rADS density to describe the study population and identify potential covariates of interest with respect to the association between density and risk of breast cancer death. We used Cox proportional hazards models to estimate hazard ratios (hrs) and 95% CIs for breast cancer death and death from all causes associated with BI-rADS density, using years since diagnosis as the time scale. Given the rarity of BI-rADS 1 density, we used BI-rADS 2 density as the referent group to increase the stability of the models. We used the Wald statistic to test for an overall effect of categorical BI-rADS density on risk of death. We also tested for a trend (χ 2 test with 1 degree of freedom) in the relation between density and risk of death. examination of Kaplan-meier curves and plots of Schoenfeld residuals did not indicate that the proportional hazards assumption was violated.
Analyses were stratified by AJCC stage at diagnosis (I, IIA, IIB, III, IV). We first examined unadjusted hazard ratios and then conducted "simple" multivariable analyses adjusting for covariates that we had identified a priori as being essential, including registry site (five sites), age at diagnosis (30-44, 45-49, 50-54, 55-59, 60-64, 65-69, 70-74, 75-79, ≥80 years), and, to account for potential cohort effects, year of diagnosis (1996-1998, 1999-2001, 2002-2003, 2004-2005) . We conducted sensitivity analyses to evaluate three different approaches for age adjustment: categorical age (as described above), cubic splines, and risk set stratification (risk sets were defined using the categories noted above for age at diagnosis). the three age adjustment methodologies yielded similar results; we, therefore, used categorical age to facilitate interpretation of results. In addition, we examined hazard ratios from the "simple adjusted" model both without and with BmI (18.5 -<25, 25 -<30, ≥30 kg/m 2 ). Because BmI attenuated results and statistically significantly contributed to the multivariable models, it was included in all subsequent multivariable models.
We present results from simple multivariable models, without and with BmI adjustment, as well as "fully adjusted" multivariable models. We constructed fully adjusted multivariable models using covariates incorporated in the simple adjusted model, including BmI, and additional potential confounding factors, including mode of detection (screen-detected, interval-detected, other screen, clinically detected, other means of detection), surgery/radiation (no breast surgery, breast conserving therapy without radiation, breast conserving therapy with radiation, other surgery), chemotherapy (yes/no), and annual median income in approximate quartiles (<$42 000, $42 000 -<$52 000, $52 000 -<$66 000, ≥$66 000). We excluded women with any unknown covariate information from multivariable models. In addition, we stratified by breast cancer characteristics potentially related to both BI-rADS density and survival, such as tumor size (<2.0 vs ≥2.0 cm), histology (ductal, lobular, and mixed), grade (low, intermediate, high), lymph node status (negative, positive), and hormone receptor status (estrogen receptor [er] negative, er positive, progesterone receptor [Pr] negative, Pr positive). We also examined whether the relationship between BI-rADS density and breast cancer death differed by BmI (18.5 -<25, 25 -<30, ≥30 kg/m 2 ). In analyses including all stages, we adjusted for stage at diagnosis. Because of the high proportion of breast cancer deaths (61%) among the small number of women with AJCC stage IV breast carcinoma (n = 257), we further examined associations after excluding these women. Probability values of less than .05 were considered statistically significant. All tests of statistical significance were two-sided. Analyses were performed using SAS software (SAS Institute Inc., Cary, NC).
results
Distribution of Patient Characteristics by BI-RADS Breast Density
the mean age at breast cancer diagnosis was 59 years (SD = 13.0; table 1). Women were predominantly of non-hispanic white race/ ethnicity (81.6%), postmenopausal (74.6%), and on average overweight with a mean self-reported BmI of 27 (SD = 5.8) kg/m 2 . Approximately 84% of women were classified within the two intermediate breast density categories of BI-rADS 2 or 3. Compared with women with BI-rADS 1 or 2 density, women with BI-rADS 3 or 4 density tended to be younger, premenopausal, leaner, residents of higher income areas, current users of menopausal hormone therapy, and nulliparous or older at first birth. In 79.6% of case patients, the interval between the index mammogram and cancer diagnosis was less than 1 year, and this interval varied little by BI-rADS density (table 2) . Women with higher BI-rADS density were more likely to have had interval breast cancers (15.7% for BI-rADS 4 vs 4.5% for BI-rADS 1), positive lymph nodes (34.3% for BI-rADS 4 vs 24.7% for BI-rADS 1), and treatment with chemotherapy (51.1% for BI-rADS 4 vs 26.4% for BI-rADS 1); however, women with BI-rADS 1 density were slightly more likely to be diagnosed with AJCC stage IV breast cancer.
Relationships Between Breast Density and Risk of Death the analysis included 9232 case patients (average follow-up of 6.6 years) with 60 759 person-years of follow-up and 1795 deaths, including 889 from breast cancer and 810 from other causes. the remaining 96 women with deaths of uncertain cause were excluded from cause-specific models but included in all cause models. In analyses of all stages combined, BI-rADS density was not statistically significantly related to risk of breast cancer death (P =.09 for overall effect in fully adjusted multivariable model; P for trend = .23; table 3). In the fully adjusted model, among women with BI-rADS 4 density, the hazard ratio for breast cancer death was 0.92 (95% CI: 0.71 to 1.19) when compared with women with BI-rADS 2 density. Women with BI-rADS 1 density had an elevated risk of breast cancer death (hr = 1.36, 95% CI = 1.04 to 1.77). repeat analysis excluding stage IV cancers (table 3) yielded a similar, albeit non-statistically significant, risk estimate for breast cancer death among women with BI-rADS 1 density compared with women with BI-rADS 2 density (hr = 1.22, 95% CI = 0.90 to 1.64). BI-rADS density was not associated with death due to all causes, overall (hr for BI-rADS 4 vs BI-rADS 2 = 0.83, 95% CI = 0.68 to 1.02; P = .22 for overall effect), or in stage-stratified analyses (Supplementary table 1, available online).
Risk Associations by Tumor Characteristics and BMI
Among women with tumors of at least 2.0 cm, BI-rADS 1 density was associated with an increased risk of breast cancer death (hr = 1.55, 95% CI = 1.14 to 2.09; P = .003 for overall effect of BI-rADS density; table 4). Women who had both BI-rADS 1 density and high-grade tumors had an increased risk of breast cancer death (hr = 1.45, 95% CI = 1.05 to 2.02; P = .13 for overall effect of density). Although BI-rADS density did not modify risk of breast cancer death in relationship to other pathological factors, women with BI-rADS 1 density tended to have the highest risk, in every stratum.
We also explored whether BmI modified the relationship between density and risk of breast cancer death (table 5) . We found a statistically significant interaction between BmI and BI-rADS density with respect to breast cancer death (P for interaction = .007); specifically, elevated risk associated with having almost entirely fatty breasts was apparent for obese women (BmI women. to determine whether this association was being driven by a subgroup of women who were morbidly obese (BmI ≥40 kg/ m 2 ), we conducted post hoc analyses after excluding 313 morbidly obese women, of whom 47 died of breast cancer. In BmI-stratified results, the elevated risk associated with having almost entirely fatty breasts remained apparent for obese women (BmI 30 -<40 kg/m 2 , hr = 1.68, 95% CI = 1.07 to 2.63), and the interaction between breast density and BmI was still statistically significant (P = .01).
Discussion this prospective analysis of over 9000 women with invasive breast carcinoma suggests that BI-rADS density is not related to risk of breast cancer death or death from any cause. however, our data suggest that breast cancer patients with low density (BI-rADS 1) who are obese, or diagnosed with large tumors, or possibly have high-grade tumors are at increased risk of breast cancer death. Given that high breast density has been related to breast cancers with adverse prognostic features, we had hypothesized that elevated density might be related to reduced breast cancer survival, although that is not the finding in this analysis. thus, our results raise additional questions regarding possible interactions between breast density, other patient characteristics, and subsequent treatment in influencing breast cancer prognosis.
the null finding we observed between breast density and breast cancer death is consistent with one (16) of two previous studies to have evaluated this association (16, 17) . In a British hospital-based study of 759 breast cancer patients, breast cancer-specific survival did not differ by BI-rADS density (the number of breast cancer deaths was not reported) (16) . In contrast, an analysis (17) of 989 breast cancer patients identified within the Danish mammography screening program found that having mixed/dense breasts was associated with a reduced risk of breast cancer death compared with having fatty breasts (roughly equivalent to BI-rADS 1 or some BI-rADS 2; age-adjusted rr = 0.53, 95% CI = 0.34 to 0.82, n = 90 breast cancer deaths). the varying results for density and risk of death across these studies could be a result of small numbers of case patients, differences in density assessment and classification, or incomplete adjustment for confounding factors and effect modifiers, including BmI. In addition, international differences in populations or treatments may contribute to differing results.
In contrast to our results, previous studies have not reported an elevated risk of breast cancer death associated with low (BI-rADS 1) density among specific subgroups of breast cancer case patients. one explanation for the increased risks associated with low density among some subgroups is that breasts with a higher percentage of fat may contribute to a tumor microenvironment that facilitates cancer growth and progression. We found that the relation between BI-rADS density and risk of breast cancer death was in fact statistically significantly modified by BmI, an exposure that is directly associated with increased risk of advanced disease at diagnosis (24), worse prognosis (22) , and lower breast density (11). In our study, an adverse relationship between low density and risk of breast cancer death was most apparent among obese women. BmI and BI-rADS density are strongly and inversely related; however, only 10% of obese women in this analysis had BI-rADS 1 density. this subgroup constituted 2.5% of our breast cancer study population and included 4.5% of breast cancer deaths. thus, findings particular to this group might be missed in a smaller study and require replication, particularly in light of the large number of statistical comparisons performed in our analyses. however, our data suggest that breast cancer patients with BI-rADS 1 density are at , mode of detection (screen-detected, interval-detected, other screen, clinically detected, other), surgery/radiation (no breast surgery, breast conserving therapy without radiation, breast conserving therapy with radiation, other surgery), chemotherapy (yes/no), and annual median income (<$42 000, $42 000 -<$52 000, $52 000 -<$66 000, ≥$66 000). Women with missing covariate information were excluded. § P value from Wald statistic to test for an overall effect of categorical BI-RADS density. All statistical tests were two-sided. ¶ AJCC stage is included as a categorical covariate in models with all stages combined, with and without stage IV. (1996-1998, 1999-2001, 2002-2003, 2004-2005) , body mass index (18.5 -<25, 25 -<30, ≥30 kg/m 2 ), mode of detection (screen-detected, interval-detected, other screen, clinically detected, other), surgery/radiation (no breast surgery, breast conserving therapy without radiation, breast conserving therapy with radiation, other surgery), chemotherapy (yes/no), and annual median income (<$42 000, $42 000 -<$52 000, $52 000 -<$66 000, ≥$66 000). Women with missing covariate information were excluded. AJCC = American Joint Committee on Cancer; BI-RADS = Breast Imaging Reporting and Data System; CI = confidence interval; ER = estrogen receptor; HR = hazard ratio; PR = progesterone receptor. † P-value from Wald statistic to test for an overall effect of categorical BI-RADS density. All statistical tests were two-sided. ‡ Borderline included as "positive. "
increased risk of breast cancer death irrespective of tumor characteristics, supporting the robustness of the finding. Given the rising prevalence of obesity worldwide, it is likely that the number of women who are obese and have low breast density will also likely rise, and therefore this group may benefit from modified treatment and increased surveillance efforts.
Proposed explanations for the poorer survival among obese breast cancer patients have included treatment with insufficient doses of chemotherapy, increased levels of factors produced in adipose tissue, such as estrogens and adipokines, and indirect effects resulting in higher concentrations of insulin-like growth factors and elevated bioavailability of hormones [reviewed in (22) ]. however, our data suggest that only a subset of obese women with fatty breasts (ie, 10% with low breast density) is at elevated risk of fatal cancers, thereby implicating the breast microenvironment in aggressive tumor biology. In support of this proposal, emerging data suggest that there are differences in metabolic and endocrine properties of adipose tissue between lean and a subset of obese women (25, 26) . In postmenopausal women with cancer, BmI and testosterone levels in breast adipose tissue are directly associated (25) , and aromatase activity is increased in these patients (26) , suggesting that local aromatization of androgens to estrogens may provide stimulus for tumor growth.
Both animal models and studies of human breast tissues have suggested that there are relationships between elevated BmI, larger adipocyte size, inflammation in the breast (26, 27) , and markers of increased cell proliferation (28) . Furthermore, laboratory studies have suggested that adipocytes interact with breast cancer cells to create a microenvironment conducive to invasion and metastasis [reviewed in (29) ]. It has been postulated that obesity-associated and cancer-associated adipocytes may share procarcinogenic attributes (30) . therefore, it is biologically plausible to propose that increased fat content within the breast (ie, among obese women with low breast density) may enhance or complement obesity-related mechanisms that heighten tumor aggressiveness.
our findings are consistent with the idea that both the fibroglandular and adipose tissue components, which are reflected radiologically in mammographic breast density, play a role in breast carcinogenesis. however, we were unable to quantify dense and nondense areas in this analysis. BI-rADS density assessment has moderate interobserver reliability (31, 32) ; any misclassification in this exposure would most likely have attenuated our findings, pointing to a need to replicate these findings using quantitative, reliable, and precise measurements of breast density. Furthermore, the growing evidence that the local tumor microenvironment is important in breast carcinogenesis points to the need for improved measures of breast density that account for its spatial distribution in localized regions in the breast.
In addition to the limitations of the BI-rADS density measure, our analysis was limited in that we lacked detailed, cumulative information on treatment, comorbidities, and changes in weight after diagnosis. Although we assessed numerous potential confounding factors, we cannot exclude the possibility of unmeasured confounding in our analysis. Nevertheless, we were able to account for mode of detection and many established prognostic factors collected in the BCSC.
risk factors for the development of breast cancer may not necessarily be the same as factors influencing the risk of death from breast cancer once it has developed. It is reassuring that elevated breast density, a prevalent and strong breast cancer risk factor, was not associated with risk of breast cancer death or death from any cause in this large, prospective study. however, we identified subsets of women with breast cancer for whom low density was associated with adverse prognoses, highlighting the possibility of integrating breast density with epidemiological data and other measurements to understand mechanisms of breast carcinogenesis and to identify women who are likely to develop aggressive cancers, which might be preventable or detectable through specific interventions. our findings underscore the need for an improved understanding of the biological characteristics of and the relationships between the breast tissue components that are responsible for the inter-individual variations in breast density. In future studies, evaluating targeted treatment and prevention strategies (such as use of aromatase inhibitors, metformin, weight (1996-1998, 1999-2001, 2002-2003, 2004-2005) , mode of detection (screen-detected, interval-detected, other screen, clinically detected, other), surgery/radiation (no breast surgery, breast conserving therapy without radiation, breast conserving therapy with radiation, other surgery), chemotherapy (yes/no), and annual median income (<$42 000, $42 000 -<$52 000, $52 000 -<$66 000, ≥$66 000). Women with missing covariate information were excluded. ‡ P value from Wald statistic to test for an overall effect of categorical BI-RADS density. All statistical tests were two-sided.
